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Insulin signalingThe mitochondrial electron transport system (ETS) is a main source of cellular ROS, including hydrogen per-
oxide (H2O2). The production of H2O2 also involves the mitochondrial membrane potential (ΔΨm) and oxy-
gen consumption. Impaired insulin signaling causes oxidative neuronal damage and places the brain at risk of
neurodegeneration. We evaluated whether insulin signaling cross-talks with ETS components (complexes I
and FoF1ATP synthase) and ΔΨm to regulate mitochondrial H2O2 production, in tissue preparations from
rat brain. Insulin (50 to 100 ng/mL) decreased H2O2 production in synaptosomal preparations in high Na+
buffer (polarized state), stimulated by glucose and pyruvate, without affecting the oxygen consumption. In
addition, insulin (10 to 100 ng/mL) decreased H2O2 production induced by succinate in synaptosomes in
high K+ (depolarized state), whereas wortmannin and LY290042, inhibitors of the PI3K pathway, reversed
this effect; heated insulin had no effect. Insulin decreased H2O2 production when complexes I and FoF1ATP
synthase were inhibited by rotenone and oligomycin respectively suggesting a target effect on complex III.
Also, insulin prevented the generation of maximum level of ΔΨm induced by succinate. The PI3K inhibitors
and heated insulin maintained the maximum level of ΔΨm induced by succinate in synaptosomes in a
depolarized state. Similarly, insulin decreased ROS production in neuronal cultures. In mitochondrial prepa-
rations, insulin neither modulated H2O2 production or oxygen consumption. In conclusion, the normal down-
stream insulin receptor signaling is necessary to regulate complex III of ETS avoiding the generation of
maximal ΔΨm and increased mitochondrial H2O2 production.
© 2013 Elsevier Inc. Open access under the Elsevier OA license. Introduction
The brain consumes large amounts of oxygen to generate the ATP
and phosphocreatine required for the maintenance of cellular func-
tional homeostasis (Halliwell, 2006). However, part of the oxygen is
physiologically diverted to the generation of reactive oxygen species
(ROS) (Floyd and Hensley, 2002). Given their potentially harmful ef-
fects, the balance between ROS production and antioxidant defenses
determines the degree of oxidative stress on cellular membranes,
proteins and DNA; therefore a tight regulation is required to maintain
a normal cell functioning (Nicholls and Budd, 2000).
Evidence indicates the complexes I and III, and FoF1ATP synthase
of the mitochondrial electron transport system (ETS) as main sources
of cellular ROS production, such as superoxide (O2−) and hydrogen
peroxide (H2O2) (Meyer et al., 2006). Although all organs can poten-
tially be modiﬁed by oxidative stress damage, brain comprises oneica, ICBS, UFRGS, Rua Ramiro
Brazil. Fax: +55 51 33085544.
Muller).
vier OA license. especially sensitive tissue as consequence of its reduced antioxidant
defenses and high metabolic rate. This is particularly relevant during
brain aging, metabolic disorders and in the pathogenesis of neurode-
generative diseases including Alzheimer's disease (Reger et al., 2006).
In this scenario, the mitochondrial membrane potential (ΔΨm) is at
the center of the cell's interactions, controlling ATP synthesis, mito-
chondrial Ca2++ accumulation, superoxide generation and redox ac-
tivity (Aldinucci et al., 2007). Thus, the mechanisms involved in the
regulation of mitochondrial function could link ROS production and
neurodegenerative process (Dumont and Beal, 2011).
Insulin was recognized as a neurotrophic factor that acts on insu-
lin receptors (IRs) distributed in neurons from different brain regions
(Zhao and Alkon, 2001). Activation of insulin receptor downstream
signaling proteins (PI3K and AKT) modulates neuronal survival
(Valenciano et al., 2006), synaptic plasticity, and inhibitory/excitatory
neurotransmission (Dou et al., 2005; Lee et al., 2005; Stranahan et al.,
2008; Zhao et al., 1999). Moreover, insulin signaling modulates the
activity of AKT, GSK3, and cytochrome c proteins localized in mito-
chondrial compartment (Cheng et al., 2010; Mookherjee et al.,
2007; Petit-Paitel et al., 2009). Consistent data of the literature have
supported the concept that impaired peripheral and central IR
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2008; Ott et al., 1999). Indeed, it was recently proposed that impaired
central insulin signaling is an early feature in AD, promoting cognitive
decline independent of classic neuropathological alterations (Talbot et
al., 2012). This places the downstream insulin signaling targets at the
center of interest for preventive and therapeutic interventions.
Given the importance of mitochondria in different aspects of nor-
mal cell physiology several studies have tried to identify whether ex-
tracellular signals inﬂuence mitochondria function. Thus, the main
objective of this work was to evaluate whether insulin signaling
could modulate mitochondrial H2O2 production through the regula-
tion of ETS components (complexes I, III and FoF1ATP synthase) and
ΔΨm in rat brain.
Materials and methods
Reagents
Insulin–Humulin was purchased from Lilly and bovine serum
albumin, succinate, oligomycin, safranin-O, FCCP (carbonylcyanide-p-
triﬂuoromethoxyphenylhydrazone), horseradish peroxidase, rotenone,
oligomycin and wortmannin were purchased from Sigma. LY290042
was purchased from Cell Signaling. Amplex Red, Neurobasal, RPMI
1640 and B27 supplement medium were purchased from Invitrogen.
Percoll was purchased from Amersham Biosciences and, hydrogen per-
oxide was purchased from Merck. CM-H2DCFDA was purchased from
Molecular Probes.
Isolation of synaptosomes and mitochondria
The forebrain frommale Wistar rats (3–4 months old) was rapidly
removed and homogenized in isolation buffer containing 0.32 M su-
crose, 1 mM EDTA (K+ salt), and 10 mM Tris–HC1 (pH 7.4). The ho-
mogenate was centrifuged at 1330 ×g for 3 min. The supernatant was
carefully retained and then centrifuged at 16,000 rpm (21,200 ×g)
for 10 min. The pellet was resuspended and carefully layered on top
of a discontinuous Percoll gradient and centrifuged for 5 min at
30,700 ×g (Sims, 1990; Sims and Anderson, 2008). The synaptosomal
and mitochondrial fractions were incubated in depolarized buffer
(high K+) (100 mM KCI, 75 mM mannitol, 25 mM sucrose, 5 mM
phosphate, 0.05 mM EDTA, and 10 mM Tris–HC1, pH 7.4) and synap-
tosomal was also incubated in polarized buffer (high Na+) (20 mM
HEPES, 10 mM D-glucose, 1.2 mM Na2HPO4, 1 mM MgCl2, 5 mM
NaHCO3, 5 mM KCl, 140 mM NaCl, pH 7.4). Animal care followed
the ofﬁcial governmental guidelines in compliance with the Federa-
tion of Brazilian Societies for Experimental Biology and was approved
by the Ethics Committee of the Federal University of Rio Grande do
Sul, Brazil at number 22436.
Glutamate uptake in synaptosomes
We evaluated glutamate uptake capacity to analyze the viability of
synaptosomal preparations (Bole et al., 2002). Brieﬂy, preparations
were incubated in polarized (high Na+) or depolarized (high K+)
buffer in the presence of 100 nM L-[3H]glutamate, for 1 and 5 min
at 37 °C. The ﬁlters were washed three times with 3 mL ice-cold
15 mM sucrose medium buffer (pH 7.4). The radioactivity retained
by the ﬁlters was measured in a Wallac model 1409 liquid scintilla-
tion counter.
Oxygen (O2) measurement
The O2 consumption rates were measured polarographically using
high-resolution respirometry (Oroboros Oxygraph-O2K). Synapto-
somal fractions (0.1 mg/mL) were incubated with polarized buffer.
The synaptosomes were incubated for 30 min at 37 °C with 50 or100 ng/mL of insulin before the measurement of oxygen consump-
tion. The oxygen consumption ﬂow was monitored for 10 min with
the ionic medium with 15 mM glucose or with 50 mM glucose plus
20 mM pyruvate; after that it was added to synaptosomes 0.5 μM of
the proton ionophore FCCP to estimate the maximal ETS capacity.
ROS production and mitochondrial membrane potential (ΔΨm)
The mitochondrial release of H2O2 was assessed by the Amplex Red
oxidation method. The synaptosomal or mitochondrial fractions
(0.1 mg protein/mL) were incubated in the polarized or depolarized
buffer supplementedwith 10 μMAmplex Red and 2 units/mLhorserad-
ish peroxidase. The ﬂuorescence was monitored at excitation (563 nm)
and emission wavelengths (587 nm) in Spectra Max M5 microplate
reader (Molecular Devices, USA). Each experiment was repeated ﬁve
times with different synaptosomal and or mitochondrial preparations.
The maximal rate (100%) of mitochondrial H2O2 formation in polarized
state was assumed to be the difference between the rate of H2O2 forma-
tion in the polarized buffer and in polarized buffer plus substrates
(50 mM glucose + 20 mM pyruvate) up to 30 min. The maximal rate
(100%) of mitochondrial H2O2 formation in depolarized state was as-
sumed to be the difference between the rate of H2O2 formation in the
absence and in the presence of succinate up to 30 min.
The ΔΨm was measured by using the ﬂuorescence signal of the
cationic dye, safranin-O. The synaptosomal and mitochondrial frac-
tions (0.1 mg protein/mL) were incubated on respiration buffer in
high K+ supplemented with 10 μM safranin O. Fluorescence was
detected with an excitation wavelength of 495 nm and an emission
wavelength of 586 nm (Spectra Max M5, Molecular Devices). Data
are reported as percentage of maximal polarization induced by succi-
nate. Each experiment was repeated at least three times with differ-
ent mitochondrial preparations.
In the experiments with 15 and 30 min with pre-incubation
(insulin and PI3K inhibitors) there was no addition of mitochondrial
substrates.
Western blotting
For Western blot analysis, 30 μg of protein (Peterson, 1977) from
synaptosomal and mitochondrial fractions was separated by electro-
phoresis on a 10% polyacrylamide gel and electrotransferred to
PVDF membranes. Polyclonal antibodies pAktser-473 (Cell Signaling
Technology, 1:1000) and Akt (Cell Signaling Technology, 1:3000)
were used to analyze downstream intracellular insulin signaling.
Neuronal cultures
Cortices from 16-day-old Wistar rat embryos were dissected and
150.000 cells/well was plated in 24 well/1 cm2 (TPP, Switzerland)
in neurobasal medium plus B27 supplement. After 7 days of culture,
the neurobasal medium was replaced by RPMI 1640 medium, which
contained 10 mM glucose without B27. To investigate the effects of
glucose and insulin in ROS production, neurons were supplemented
with different solutions to achieve the following ﬁnal concentrations:
50 mM glucose; 50 mM glucose + insulin 10 ng/mL; 50 mM
glucose + insulin 50 ng/mL; 50 mM glucose + insulin 100 ng/mL
and 50 mM glucose + FCCP for 30 min. Afterwards, cells were incu-
bated with 1 μM CM-H2DCFDA for 40 min at 35 °C and examined
under a Nikon Eclipse TE300 epiﬂuorescence microscope at a ﬁxed
exposure time. We performed three independent cortical neuron cul-
tures and use triplicates for each treatment (see above).
Statistical analysis
To analyze the data distribution we used Shapiro–Wilk test. Data
were analyzed by one-way analysis of variance (ANOVA) followed
68 A.P. Muller et al. / Experimental Neurology 247 (2013) 66–72by a post-hoc Tukey. Data showed in Fig. 3 were analyzed by repeated
measures one-way ANOVA followed by a post-hoc Tukey test and are
presented as mean ± S.E.M. P values b 0.05 were considered statisti-
cally different.
Results
Functional properties of synaptosomes
Synaptosomes incubated in the polarized state (high Na+) showed
Na+-dependent L-[3H]glutamate uptake (Fig. 1A). As expected, the glu-
tamate uptake was impaired in depolarized state (high K+) (Fig. 1A).
The routine and uncoupled respiration (0.4 μM FCCP) was not different
when 50 mM glucose was the only substrate in the polarized state, a
condition that favors ROS formation by mitochondria in neurons
(da-Silva et al., 2004) (Fig. 1B, glucose). However, the oxygen consump-
tion increased by FCCP when 50 mM glucose + 20 mMpyruvate were
included as substrate in the medium (Fig. 1B, glucose + pyruvate;
*uncoupled > routine). Insulin had no effects on oxygen consumption
routine and uncoupled respiration in synaptosomes (Fig. 1B). Glucose
plus pyruvate increased H2O2 production in synaptosomes incubated
in a polarized state. Also, the uncoupling agent FCCP decreased H2O2
production (Fig. 1C compared to 15 mM glucose, dotted line). Insulin
at 50 and 100 ng/mL decreased H2O2 production in 50 mM glucose
and/or 20 mM pyruvate compared to 15 mM glucose (basal level, dot-
ted line) (Fig. 1C).Fig. 1. Functional properties of synaptosomes. A) Sodium dependent L-[3H] glutamate uptake
in the presence of high K+. B) Oxygen consumption ﬂow rate was determined after pre-incu
symbols) or oxidative phosphorylation uncoupled respiration (maximal ETS capacity) by ad
ographically. The oxygen consumption was increased only in a buffer containing 50 mM gluc
had no effect in oxygen consumption in neither routine nor uncoupled respiration. C) H2O2
20 mM pyruvate and with bigger effect with Glu 50 + pyruvate 20 mM compared to 15
decreased H2O2 production in synaptosomes compared to 15 mM Glu (** b 0.05). Insulin a
(p b 0.05) (n = 5).Insulin decreased H2O2 production and ΔΨm levels in synaptosomes
To improve the capacity in generating H2O2 we used a buffer with
high K+ to depolarize the synaptosomes (Sims and Blass, 1986) and
increase the H2O2 production compared to polarize buffer (data not
shown). This experimental strategy changes the membrane perme-
ability during the incubation time and permits the detection of classi-
cal mitochondrial responses (ROS production and ΔΨm) stimulated
by anionic substrates, nucleotides (ADP and ATP) and succinate (Sims
and Blass, 1986). Synaptosomes and mitochondria were responsive
to succinate, succinate + ADP and oligomycin (inhibitor FoF1ATP
synthase) (Figs. 2A and B). The fractions containing isolated mitochon-
dria showed similar responses to substrates and oligomycin as observed
in synaptosomal preparations, but showing a two-fold higher rate of
H2O2 production as compared to synaptosomal preparation (Figs. 2A
and B). Moreover, as shown in Fig. 2C, the downstream signaling pro-
teins pAKT ser473 was activated in a dose-dependent manner by insu-
lin in synaptosomes incubated during 15 min. Insulin did not affect the
expression of AKT and pAKTser473 in mitochondrial enriched prepara-
tions (Fig. 2C).
Insulin decreased the synaptosomal H2O2 production induced by
succinate (Fig. 3A, open square; dose effect: F(3,75) = 11.112, p =
0.0001). Taking into consideration that some evidences pointed that
insulin signaling remains increasing over time (Christie et al., 1999;
Grillo et al., 2009) we tried to optimize its effects in synaptosomes
using a pre-incubation strategy. A pre-incubation up to 30 min withcapacity was evaluated during 1 and 5 min. The L-[3H]glutamate uptake was negligible
bation (30 min) with or without insulin (50–100 ng/mL). The routine respiration (open
dition of 0.4 μM of the proton ionophore FCCP (closed symbols) was determined polar-
ose + 20 mM pyruvate (closed triangles, right graph) in uncoupled respiration. Insulin
production increased in synaptosomes in high Na+ buffer plus 50 mM glucose (Glu),
mM Glu (dotted line), such as 10 mM succinate (* b 0.05). Uncoupled agent FCCP
t 50 and 100 ng/mL decreased the H2O2 production induced by glucose and pyruvate
Fig. 2. H2O2 production by synaptosomes and mitochondria. A and B) Synaptosomes and mitochondria incubated with succinate increased H2O2 production when compared to the
basal levels (* succinate > basal; p b 0.05). The addition of ADP decreased H2O2 production when compared to succinate (# succinate + ADP b succinate; p b 0.05). The addition
of oligomycin decreased H2O2 production when compared to succinate (oligomycin b succinate; p b 0.05). C and D) Insulin at a dose of 10–100 ng/mL increased the phosphory-
lation state of AktSer473 in synaptosomes but not in mitochondria (n = 5) (Western blot bands and columns).
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60% of mitochondrial H2O2 generation in synaptosomes (Fig. 3A, open
triangles and circles; incubation time effect: F(2,75) = 7.096, p =
0.002). Interestingly, 30 min of pre-incubation with different doses of
insulin did not cause any detectable decrease in H2O2 generation by
mitochondrial preparations (Fig. 3A, closed circles, dose effect: F(3,36) =
0.056, p = 0.982). The PI3K inhibitors, wortmannin (200 nM),
LY290042 (10 μM) and heated insulin (90 °C for 15 min) (Marks et al.,
2009), completely reversed the protective effect of insulin (from 10 to
100 ng/mL) at 15 min (Fig. 3B, open triangles, dose effect: F(3,37) =
1.887, p = 0.149) and at 30 min (Fig. 3C, open circles, dose effect:
F(3,66) = 1.927, p = 0.127). PI3K inhibitors had no effect on isolated
mitochondria (Fig. 3B, closed circles, dose effect: F(3,16) = 0.168, p =
0.916; and Fig. 3C, closed circles, dose effect: F(3,16) = 0.130, p =
0.941). In addition, heated insulin had no effect in H2O2 production
induced by succinate in the synaptosomes (Fig. 3D, insulin dose:
F(3,36) = 2.103, p = 0.110).
We further tested if insulin-mediated H2O2 production is due to reg-
ulation on electron transfer system (ETS). Thus, we incubated synapto-
somes in the presence of oligomycin (inhibitor FoF1ATP synthase).
Additionally we used rotenone (inhibitor complex I) to measure reverse
(complex III→ complex I) electron transfer-mediated ROS production
in the depolarized synaptosomes. As expected oligomycin increased
the H2O2 production (Fig. 3E, open circles, p b 0.05), and insulin at
100 ng/mL signiﬁcantly decreased the oligomycin-inducedH2O2 produc-
tion (Fig. 3E; oligomycin > oligomycin + 100 ng/mL, p b 0.05). More-
over, rotenone decreased the H2O2 production (Fig. 3E closed triangles,
p b 0.05) and insulin at 10–100 ng/mL signiﬁcantly improved the
effect of rotenone (Fig. 3E; * rotenone > succinate + rotenone +
10–100 ng/mL, dose effect: F(3,48) = 5.084, *p = 0.004).
Subsequently, we induced ΔΨm formation by succinate on both
synaptosomes and mitochondrial preparations (Figs. 3F and G respec-
tively) using high K+ in the incubation medium. Insulin efﬁciently
prevented the reaching of maximum level of ΔΨm induced bysuccinate in synaptosomes (Fig. 3F open circles, insulin dose:
F(3,48) = 8.821, p = 0.0001). PI3K inhibitors, wortmannin and
LY290042, and heated insulin maintain the maximum level of ΔΨm
induced by succinate in synaptosomes with or without 30 min
pre-incubation with insulin (Fig. 3F). In the isolated mitochondrial
fraction, insulin doses, wortmannin and LY290042 had no signiﬁcant
effect on ΔΨm, (Fig. 3G, insulin dose: F(3,36) = 0.219, p = 0.883).
Furthermore,we analyzedwhether ROS production in neurons is re-
sponsive to insulin regulation in neuronal cell cultures (Figs. 3H–O). In-
cubation with 50 mM glucose increased ROS production by neurons
(Fig. 3I) when compared to 10 mM glucose (Fig. 3H). Insulin at 10, 50
and 100 ng/mL (Figs. 3J, K, and L respectively) decreased neuronal
ROS production induced by glucose. The PI3K inhibitors reduced the ef-
fect of insulin (Figs. 3M and N), as well as FCCP reduced mitochondrial
ROS production (Fig. 3O).Discussion
Our results show that insulin signaling regulates the complex III of
ETS and stability of ΔΨm and thus decreasing the mitochondrial ROS
production in synaptosomes without affecting oxygen consumption.
However, when downstream insulin signaling is disrupting by PI3K
inhibitors these regulatory effects on synaptosomes and neurons are
missing. These ﬁndings support the previous belief that brain insulin
signaling (Cole and Frautschy, 2007), has antioxidant functional roles
(Duarte et al., 2004) and exerts regulatory actions on ΔΨm (Huang
et al., 2005). Conversely, insulin neither affected AKT phosphorylation
nor H2O2 production in isolated mitochondrial preparations. This
lack of insulin effects on mitochondria preparations might be
caused by the breakdown of the molecular machinery during isola-
tion procedure or reﬂect the absence of complete components of
insulin signaling cascade in mitochondria. This later possibility de-
serves investigation.
Fig. 3. Insulin decreases H2O2 production and efﬁciently prevents the formation of the maximal ΔΨm induced by succinate in synaptosomes. A) Insulin decreased H2O2 production
without pre-incubation (vehicle > insulin 100 ng/mL; p b 0.05; open squares, insulin dose: F(3,75) = 11.112, *p = 0.0001). Pre-incubation with insulin up to 30 min improved the
insulin antioxidant effect (open triangle and open circle, incubation time: F(2,75) = 7.096, *p = 0.002). Insulin had no effect on mitochondrial-enriched fraction (Fig. 3A, closed
circles, dose effect: F(3,36) = 0.056, p = 0.982). B, C and D) The incubation or pre-incubation with the PI3K inhibitors wortmannin and LY294002, and heated insulin abolished
the effect of insulin in regulated H2O2 production induced by succinate in synaptosomes. The PI3K inhibitors had no effect on mitochondrial-enriched fractions (n = 5).
E) Oligomycin increased the H2O2 production in synaptosomes (* succinate + oligomycin > succinate; p b 0.05). Insulin at 100 ng/mL decreased H2O2 production induced
by oligomycin (& succinate + oligomycin > succinate + oligomycin + insulin 100 ng/mL; p b 0.05). Rotenone alone decreased the H2O2 production in synaptosomes
(* succinate + rotenone b succinate; p b 0.05). Insulin at 10–100 ng/mL further decreased the H2O2 production when incubated with rotenone (succinate + rotenone + insulin
10–100 ng/mL succinate + rotenone; insulin dose: F(3,48) = 5.084, *p = 0.004). (F) Pre-incubation with insulin for 30 min inhibited the maximal ΔΨm (basal > insulin
10–100 ng/mL; open circles, insulin dose: F(3,48) = 8.821, p = 0.0001). Incubation with PI3K inhibitors wortmannin, LY294002, and heated insulin abolished this effect. G) Neither
insulin nor PI3K inhibitors affected the maximal ΔΨm in mitochondrial-enriched fraction (n = 5). H–P) Neuronal cultures: insulin (10–100 ng/mL) decreased the ROS production
induced by 50 mMGlu (H–L). PI3K inhibitors abolished the effect of insulin (M–N); and FCCP reduced the mitochondrial ROS production (O). P) The ﬁgure shows the CM-H2DCFDA
immunoﬂuorescence quantiﬁcation of the images H–O.
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eral aspects of brain physiology (Plum et al., 2005) and alterations in
this pathway have been consistently implicated in the etiology of
neurodegenerative diseases (Hoyer and Lannert, 2007). We used
drugs to disrupt downstream signaling trying to mimic a brain insulin
resistance state. The results with or without PI3K inhibitors showed
that an uninterrupted intracellular insulin signaling is necessary to
achieve the effect of insulin in decreasing H2O2 production in synap-
tosomes. Moreover, synaptosomes pre-incubated with insulin (15
and 30 min) were more responsive to insulin-regulation of H2O2 pro-
duction compared with no pre-incubation protocol. Based on this
pre-incubation approach we suggest that similarly as observed for
other insulin target proteins in cerebral tissue (Christie et al., 1999;
Grillo et al., 2009), the time of exposition to insulin is important toachieve a maximal effect in the regulation of mitochondrial H2O2 pro-
duction in synaptosomes.
In addition insulin was able to modulate the effects of oligomycin
and rotenone on H2O2 production. When succinate is used as a sub-
strate for mitochondrial respiration the majority of H2O2 production
is generated by reverse-electron ﬂow in complex I and complex III
(Votyakova and Reynolds, 2001). Thus, the inhibition of complex I
with rotenone in the presence of succinate causes increased proton
leaks and ROS production by the complex III. Here we showed that
this inhibitory experimental condition insulin (10–100 ng/mL) was
efﬁcient in decreasing the H2O2 production through the modulation
of the complex III (Petit-Paitel et al., 2009) or cytochrome c release
(Sanderson et al., 2008). Similarly, insulin also decreased H2O2 pro-
duction induced by oligomycin reinforcing the regulatory role in the
71A.P. Muller et al. / Experimental Neurology 247 (2013) 66–72reverse electron ﬂow of ETS. Furthermore, insulin protects neurons
against ROS production induced by high glucose levels (Russell et
al., 2002). The cross-talk between insulin signaling and mitochondria
is not completely understood; however some reports have shown
possible connections involving the activation of AKT affecting some
aspects of the mitochondrial physiology including closure of a perme-
ability transition pore component, the voltage-dependent anion
channel, and the decline in oxidative phosphorylation that precedes
cytochrome c release (Gottlob et al., 2001; Sanderson et al., 2008).
The H2O2 production can also be inﬂuenced by changes in the
ΔΨm. It is known that even a slight decrease in ΔΨm avoids the
semi-ubiquinone radical formation leading to a drastic impairment
in the electron leaks from ETS to form superoxide anion, a substrate
for H2O2 production (Korshunov et al., 1997). Here, we showed that
insulin decreases the maximum ΔΨm induced by succinate in synap-
tosomes; however, there were no differences with or without
pre-incubation, pointing that insulin modulates the H2O2 production
in different pathways. Moreover kinases (Meyer et al., 2006) and
scavenger enzyme activities (Santiago et al., 2008) can regulate the
homeostasis of H2O2 levels in brain. Thus, it seems that insulin can
potentially act in different targets of mitochondrial compartment
resulting in decrease H2O2 production and/or increase metabolism.
One potential limitation of this work is related to the use of brain
preparations from normal rat in which the disruption of insulin sig-
naling was induced through pharmacological inhibitors. Thus addi-
tional studies are necessary to establish the functional relevance of
these ﬁnding in animal models of impaired brain insulin signaling.
Considering the main ﬁndings of this study, we conﬁrm that insu-
lin may exert antioxidant properties in the brain. However, when
brain insulin/IGF-I signaling is deﬁcient, including aging (Muller et
al., 2012), Alzheimer's disease and diabetes mellitus there is an in-
creased H2O2 production which has been reported to contribute to
cause neurological deﬁcits (Kilbride et al., 2008) or beyond, to be an
early main event in neurodegenerative processes (Talbot et al.,
2012). In contrast, strategies designed to improve brain insulin sig-
naling (Muller et al., 2011) and mitochondrial function (Dietrich et
al., 2008) could be helpful to maintain the normal balance of the
redox state in the brain and to avoid the development of neurodegen-
erative diseases. Our ﬁndings strongly suggest that normal insulin
signaling is required for a normal mitochondrial function and metab-
olism (Cheng et al., 2009).
Conclusion
In conclusion, the normal downstream insulin receptor signaling
is necessary to regulate complex III of ETS avoiding the generation
of maximal ΔΨm and increasing mitochondrial H2O2 production.
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